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AN EVALUATION OF FREEZING AND SOIL PRESENCE ON THE EMISSION 
OF VOLATILE ORGANIC COMPOUNDS BY DECOMPOSING PIG TISSUES 
USING SPME GC/MS 
 
   
ERIN MILLER 
 
ABSTRACT 
 
The ability to quickly and efficiently locate concealed human remains is 
crucial in forensic investigations and when locating disaster victims.  On 
occasions when human remains are recovered, correctly assigning a postmortem 
interval (PMI) may become necessary to corroborate statements or make an 
identification.  While Human Remains Detection canines (HRD canines) provide 
rapid and sensitive searches, the mechanisms behind their sense of smell 
remain poorly understood.  Over the past ten years, volatile organic compounds 
(VOCs) have been investigated in an effort to address questions concerning PMI, 
optimization of training aids, and portable ‘sniffing’ devices.   The approaches 
taken for investigating VOCs emitted from decomposing tissues buried or 
otherwise have been diverse.  They range from burying entire human bodies and 
sampling the above-ground volatiles using triple-sorbent traps (TSTs) to isolating 
small amounts of tissue into glass vials whereby the volatiles are sampled by 
Solid Phase Microextraction (SPME).  The resulting studies have led to large 
quantities of data that are difficult to interpret and compare between studies. 
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Furthermore, the restrictions surrounding access to human remains have 
caused many studies to use other animals, (pigs, chickens, cows, and deer) in 
particular the domestic pig, due to its similarities in hair coverage and tissue 
ratios.  There have been several studies that attempt to address the effects that 
burial has on the resulting VOCs.  However, the addition of a complex matrix to a 
process that already has many variables has caused difficulty in data 
interpretation. 
The purpose of this study was to identify how freezing and the presence of 
soil affect the VOC profiles of various tissue types (blood, bone, fat, small 
intestine, muscle, and skin) obtained over six weeks of decomposition.  In order 
to accomplish this, the study was performed in three parts.  The first part used 
fresh pig samples obtained only hours after euthanization, the second part 
utilized tissues from the same areas of the pig after the samples had been frozen 
for 6 weeks and the third part combined soil with three of the tissue types (blood, 
bone, muscle).  SPME was employed at room temperature using a 65 µm 
PDMS/DVB coated fiber as the adsorbent material to extract the VOCs from the 
headspace.  The use of SPME as the extraction method allowed for direct 
desorption and subsequent analysis into the injection port of the GC/MS.  User-
defined integration parameters were applied to each resulting chromatogram in 
an effort to identify what impact, if any, freezing and soil had on the resulting 
VOC profiles. 
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The results obtained in this study suggest that the freezing and thawing of 
tissue samples have varying effects on the resulting chromatograms based on 
the complexity of the tissue-type.  This implies that prolonged use and storage of 
some, commonly utilized, training aids may not be providing the most reliable 
scent profile for the HRD canines.  Results obtained from the soil study were 
complex, but several overall trends were observed in the release and production 
of different compound classes.  Comparisons to previous studies using similar 
extraction procedures demonstrate the need for a standardized protocol for 
future decomposition studies.   
viii 
 
TABLE OF CONTENTS 
Title Page ......................................................................................................................................... i 
Copyright Page .............................................................................................................................. ii 
Approval Page ............................................................................................................................... ii 
ACKNOWLEDGEMENTS ........................................................................................................... iv 
ABSTRACT .................................................................................................................................... v 
TABLE OF CONTENTS ............................................................................................................. viii 
LIST OF TABLES .......................................................................................................................... x 
I INTRODUCTION ........................................................................................................................ 1 
1. Volatile Organic Compounds ........................................................................................... 1 
2. Scent Detection Canines .................................................................................................. 2 
4. Overview of Decomposition ............................................................................................. 5 
4.1 Autolysis...................................................................................................................... 5 
4.2 Putrefaction ................................................................................................................ 6 
5. Soil ....................................................................................................................................... 6 
6. Factors Affecting Decomposition in Soil and VOC Production .................................. 7 
7. The Source of Soil Samples: Holliston, Massachusetts .............................................. 9 
8. The Pig as an Analog for Human Decomposition ...................................................... 10 
9. Previous Decomposition Research .............................................................................. 11 
10. HYPOTHESIS ................................................................................................................... 12 
II EXPERIMENTAL DESIGN ..................................................................................................... 13 
1. Solid-Phase Microextraction .......................................................................................... 13 
2. Gas Chromatography-Mass Spectrometry .................................................................. 15 
III MATERIAL/METHODS .......................................................................................................... 17 
1. Materials ........................................................................................................................... 17 
1.1 Tissue Sample Preparation ................................................................................... 17 
1.2 Soil Sample Collection/Preparation/Analysis ...................................................... 17 
2. Preliminary Studies ......................................................................................................... 19 
2.1. Amount of Tissue Used and SPME Extraction Temperature ........................... 19 
2.2 SPME Fiber Selection ............................................................................................ 19 
ix 
 
2.3 Extraction Time ............................................................................................................. 20 
2.4 Extraction Parameters: Part III ................................................................................... 21 
2.5 GC/MS Method ............................................................................................................. 22 
3. Experimental Design ....................................................................................................... 23 
3.1 Decomposition Study .............................................................................................. 23 
3.2 Frozen Tissue Study ............................................................................................... 25 
3.3 Soil Study.................................................................................................................. 25 
3.4 Part III, Soil and Tissue .......................................................................................... 28 
4. Integration Parameters and Compound Class Assignment...................................... 28 
IV RESULTS SECTION: PARTS I AND II ............................................................................... 30 
1. Reproducibility ................................................................................................................. 30 
2. Characterization of Volatile Compounds from Different Tissue Types ................... 31 
3. PART III RESULTS ......................................................................................................... 53 
V DISCUSSION ........................................................................................................................... 64 
1. Parts I and II ..................................................................................................................... 64 
2. Part III ................................................................................................................................ 67 
3. Comparisons to a Previous Study ................................................................................ 70 
VI FUTURE DIRECTIONS ........................................................................................................ 72 
VII CONCLUSIONS .................................................................................................................... 74 
CURRICULUM VITAE ................................................................................................................ 87 
 
      
x 
 
LIST OF TABLES 
Table 1. Summary of PMI and Odor analysis studies published over the last 12 
years. ................................................................................................... 12 
Table 2. Gas Chromatography Specifications. ................................................... 18 
Table 3. Mass Spectrometry Specifications. ....................................................... 18 
Table 4. Gas Chromatography-Mass Spectrometry Methods. ............................ 23 
Table 5. Sample setup for Part III, time-point 1. ................................................. 28 
Table 6. Table including the 5 most abundant compounds detected at each time 
point in fresh blood samples. ............................................................... 35 
Table 7. Table showing the 5 most abundant compounds detected at each time 
point in fresh bone samples. ................................................................ 39 
Table 8. The 5 most abundant compounds detected at each time point from fresh 
fat. ........................................................................................................ 43 
Table 9. The 5 most abundant compounds detected at each time point from fresh 
intestine. .............................................................................................. 46 
Table 10. The 5 most abundant compounds detected at each time point from 
fresh muscle. ...................................................................................... 49 
Table 11. The 5 most abundant compounds detected at each time point from 
fresh skin. ........................................................................................... 53 
Table 12. Results from the four soil variables examined in this study. ............... 54 
Table 13. List of all compounds detected in the pond soil sample. ..................... 55 
 
xi 
 
LIST OF FIGURES 
 
Figure 1. Chromatographic overlay showing the detected peaks of two identically 
prepared muscle samples extracted 12 weeks after thawing. ............ 31 
Figure 2. Comparison of a skin sample at time 5 using two different comparison 
measurements. ................................................................................... 32 
Figure 3. Changes in the headspace composition of fresh blood using the 
combined integrated peak areas of each compound class over the 6 
week study period............................................................................... 33 
Figure 4. Changes in the integrated peak areas of compound classes in frozen 
blood across 6 weeks of sampling. ..................................................... 33 
Figure 5. Chromatographic overlay showing the detected peaks of two fresh 
blood samples at Times 2(black) and 6(red). .................................... 34 
Figure 6. Changes in the headspace composition of fresh bone using the 
combined integrated peak areas of each compound class over the 6 
week study period. ............................................................................ 36 
Figure 7. Changes in the integrated peak areas of compound classes in frozen 
bone across 6 weeks of sampling. ..................................................... 36 
Figure 8. Chromatogram showing the five most abundant compounds according 
to TIPA.  Other integrated peaks are colored according to their 
corresponding compound class. ......................................................... 37 
xii 
 
Figure 9. Chromatographic overlay showing the detected peaks of two fresh 
bone samples at times 3(black) and 7(red). ...................................... 38 
Figure 10. Changes in the headspace composition of fresh fat using the 
combined integrated peak areas of each compound class over the 6 
week study period. ......................................................................... 40 
Figure 11. Changes in the integrated peak areas of compound classes in frozen 
fat across 6 weeks of sampling. ........................................................ 40 
Figure 12. Chromatogram representing a characteristic fat profile at time 3, week 
2.  The top 5 most abundant compounds are labeled and other 
integrated peaks are color-coded according to compound class. ..... 41 
Figure 13. Chromatographic overlay showing the detected peaks of two fresh fat 
samples from times 3(black) and 7(red). ........................................... 42 
Figure 14. Changes in the headspace composition of fresh intestine using the 
combined integrated peak areas of each compound class over the 6 
week study period. ........................................................................... 44 
Figure 15. Changes in the integrated peak areas of compound classes in frozen 
small intestine across 6 weeks of sampling ...................................... 44 
Figure 16. Chromatographic overlay showing the detected peaks of two fresh 
small intestine samples at times 4(black) and 5(red). ...................... 45 
Figure 17. Changes in the headspace composition of fresh muscle using the 
combined integrated peak areas of each compound class over the 6 
week study period. ........................................................................... 47 
xiii 
 
Figure 18. Changes in the integrated peak areas of compound classes in frozen 
muscle across 6 weeks of sampling. ................................................. 47 
Figure 19. Chromatogram representing a typical fresh muscle profile at time 4, 
week 3. ............................................................................................ 48 
Figure 20. Chromatographic overlay showing the detected peaks of two fresh 
muscle samples from times 3 and 7 (weeks 2 and 6, respectively) 
time 7 is displayed in red. ................................................................ 48 
Figure 21. Changes in the headspace composition of fresh skin using the 
combined integrated peak areas of each compound class over the 6 
week study period .......................................................................... 50 
Figure 22. Changes in the integrated peak areas of compound classes in frozen 
skin across 6 weeks of sampling ..................................................... 51 
Figure 23. Chromatogram representing a typical fresh skin profile at time 3, week 
2. ....................................................................................................... 52 
Figure 24. Chromatographic overlay of fresh skin from times 3 and 7 (weeks 2 
and 6, respectively). ......................................................................... 52 
Figure 25. Changes in integrated peak areas of the compound classes from part 
III bone samples across 6 weeks of sampling. .................................. 56 
Figure 26. Changes in integrated peak areas of the compound classes from WT 
and bone samples across 6 weeks of sampling. ............................... 57 
Figure 27. Changes in integrated peak areas of the compound classes from WB 
and bone samples across 6 weeks of sampling. ............................... 58 
xiv 
 
Figure 28. Changes in integrated peak areas of the compound classes from 
blood samples across 6 weeks of sampling ..................................... 59 
Figure 29. Changes in integrated peak areas of the compound classes from WT 
and Blood samples across 6 weeks of sampling. .............................. 60 
Figure 30. Changes in integrated peak areas of the compound classes from WB 
and Blood samples across 6 weeks of sampling. .............................. 61 
Figure 31. Changes in integrated peak areas of the compound classes from 
muscle part III samples across 6 weeks of sampling. ...................... 62 
Figure 32. Changes in integrated peak areas of the compound classes from WT 
and muscle samples across 6 weeks of sampling. ............................ 62 
Figure 33. Changes in integrated peak areas of the compound classes from WB 
and muscle samples across 6 weeks of sampling. ............................ 63 
Figure 34. A comparison between the volatiles detected in the first 24 hours of 
the current study and the 2012 article published by Cablk et al ........ 72 
Figure 35. Time 1 compounds for fat and muscle from the current study and 
Cablk et al. ....................................................................................... 72 
 
 
 
 
 
 
 
 
 
 
xv 
 
ABBREVIATIONS 
 
 
ADD  Accumulated Degree Day 
°C  Degrees Celsius 
CAR  Carboxen 
CEC  Cation Exchange Capacity 
DVB  Divinylbenzene 
HRD  Human Remain Detection 
IDV3  Gas Chromatography Method #1 
IDV4TRY2 Gas Chromatography Method #2 
g  Grams 
GC/MS Gas Chromatography/Mass Spectrometry 
GC/TOFMS Gas Chromatography/Time of Flight Mass Spectrometry 
lbs  Pounds 
M  Marsh 
mL  Milliliter 
NRCS  National Resources Conservation Service 
P  Pond 
PDMS  Polydimethylsiloxane 
PMI  Post Mortem Interval 
SPME  Solid Phase Microextraction 
SWG  Scientific Working Group 
TIPA  Total Integrated Peak Area 
xvi 
 
TSTs  Triple Sorbent Traps 
µm  Micrometer 
USDA  United States Department of Agriculture 
VOC  Volatile Organic Compounds 
WT  Woodland Topsoil 
WB  Woodland Bottomsoil
1 
 
I INTRODUCTION 
 
Locating human remains is imperative for criminal investigations, mass 
disasters and archaeological expeditions.  Methods that can expedite location 
and/or confirmation of the presence of a clandestine grave site are important to 
law enforcement agencies and the corresponding scientific community.  Not only 
is the location of human remains crucial, but so is the accurate determination of 
the post mortem interval (PMI).  The location of clandestine graves is typically 
accomplished using scent detection canines and/or ground penetrating radar.  
Scent detection canines possess many positive qualities, however there is a lack 
of scientific knowledge behind what they are detecting. The need to better 
understand the nature of human-remains scent detection has sparked an 
investigation of characterizing the volatile organic compounds (VOCs) that are 
emitted from decomposing remains under various circumstances.  
1. Volatile Organic Compounds  
Volatile organic compounds (VOCs) are produced in large variety and 
quantity both naturally and synthetically.1  From the deliberate production of 
volatiles insects produce to communicate to the monoterpenes produced by trees 
in response to injury, VOCs comprise the scent profiles that are associated with 
sense of smell.1  The analysis of volatile organic compounds has many 
applications in forensic science.  Not only does the utilization of the volatile 
component of a sample reduce the need for time-consuming sample preparation, 
it also permits analysis without direct contact with the analyte.  Volatile sampling 
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has many applications in forensic science including arson investigation2, 
explosives3 and standoff drug detection.4,5  In the last ten years the analysis of 
VOCs research has also been applied in order to gain a better understanding of 
canine scent detection, decomposition and the determination of the postmortem 
interval.5–20  
2. Scent Detection Canines 
The most widely employed biological sensor is the scent detection canine.  
Their incredibly sensitive sense of smell has been utilized in many areas of law 
enforcement for the detection of volatile organic compounds.5 Even with the 
technological advances in instruments, detector dogs still represent one of the 
most reliable real time detectors of human remains.12    The use of canines to 
locate human remains is preferable due to their accuracy, efficiency, and ability 
to traverse large areas under different environmental conditions.12 Particularly 
when searching for buried remains, the use of canines can be used as a 
screening device prior to engaging in costly excavations or time and labor 
intensive ground penetrating radar procedures.21  However, according to the FBI, 
a total of eleven searches were performed in 2005-2006 that yielded zero 
recoveries.  While it is unclear whether the lack of recovery from these eleven 
searches was due to the absence of remains or the inability of the canines to 
detect them, it does support the notion that more validation research is needed in 
this area.21 
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Human remains detection (HRD) canines are trained to locate human 
remains, including bodies in whole or in part, tissue, blood, bone and 
decomposition fluids.22 They are also required to locate fresh, aged, submerged, 
burned and buried remains.22   The training aids necessary to train canines to 
this level of breadth and specificity may come from medical examiners or 
morgues but there is little consistency with tissue type, temperature, moisture 
content and/or decomposition time.21 In locations where human remains are 
difficult to access, pig remains have been used to train canines. Since canines 
need to be able to differentiate between human and nonhuman remains, this is 
not ideal.12  There are limited peer-reviewed, published scientific studies 
demonstrating the efficiency of HRD canines.12  Although their use is widely 
accepted, detector canines have come under scrutiny in courts where issues of 
reliability have been challenged.12 
An animal’s sense of smell evolves to conform to environmental 
pressures.  Factors such as the way individuals of a species communicate or the 
diversity of an organism’s diet influence their sensitivity to certain compounds.1  
The limit of detection of a canine’s olfaction epithelium is still not well understood.  
It has been reported that canines can detect some compounds in the range of 
parts per trillion (ppt) (e.g. n-amyl acetate) or that they can detect as little as 5-10 
mg of buried tissue.  23,9  While this data suggests that canine olfactory systems 
are more sensitive than some commonly employed techniques (TSTs, SPME-
GC/MS), human decomposition produces a diverse array of compounds 
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(alkanes, esters, sulfides etc.) whose limits of detection by canines have not 
been established.  Furthermore, the characterization of smell is associative and 
is dependent on recollected memories of similar odors and the perception of 
some odors changes with concentration.  Thiols, for examples, are perceived to 
have a foul smell at high concentration but a pleasant at low concentrations.123  
3.1 Synthetic Training Aids and Portable Detection Devices   
One of the major obstacles of canine scent detection is obtaining sufficient 
quantities and varieties of human remains for training aids.  Some companies 
have provided synthetic scents intended to mimic the scent of human 
decomposition.  Sigma-Aldrich provides a kit of Pseudo Corpse Scent 
Formulation I for early detection and Pseudo Corpse Scent Formulation II for late 
detection.  The use of these synthetic training aids is debated since canines 
trained with pseudo scents have found human remains, but canines trained on 
original scent sources do not alert on the pseudo scents.24  The composition of 
these training aids was investigated using gas chromatography with time of flight 
mass spectrometry (GC/TOFMS).  Two major components were identified in the 
first formulation, 2-pyrrolidone and 4-aminobutanoic acid.  The second 
formulation also contained these two compounds in addition to putrescine and 
cadaverine.  While some of these compounds have been associated with 
decomposition products (putrescine and cadaverine), none have been identified 
within the headspace of decomposing tissue.8,9,13,15,21,25  Ideally, HRD canines 
trained with human tissue would alert to the pseudo-scent training aids, however, 
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human remains detection is not the only area struggling with this problem. It has 
also been determined that explosives canines trained with pure potassium 
chlorate do not alert to potassium-based explosive mixtures.26  
Due to the obstacles of using synthetic aids, in order to increase the 
confidence of a positive alert prior to what could be a lengthy excavation, 
researchers are also working to create portable field detectors or portable 
collection devices.   Portable collected devices, like the Scent Transfer Unit-100, 
allow for the collection of scent using a portable vacuum that uses airflow through 
a gauze pad to collect volatiles.  The collected volatiles may then be used as a 
scent proxy for canines or for later GC/MS analysis.19  Portable field detectors 
like  the one in-development by Dr. Arpad Vass and colleagues, use a series of 
electrodes to identify volatiles associated with human-only decomposition.7 
4. Overview of Decomposition 
Living matter consists primarily of the elements C, H, O, N, P and S.  These 
elements combine to form the four major classes of biological macromolecules 
found in living matter: proteins, nucleic acids, polysaccharides and lipids.  When 
these macromolecules decompose they release volatiles characteristic of their 
source material.25,27,28 
4.1 Autolysis 
 
The onset of decomposition is characterized by autolysis; a process by 
which the cells are deprived of oxygen, carbon dioxide in the blood increases, pH 
decreases and wastes accumulate.  The cellular enzymes including but not 
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limited to lipases, proteases and amylases dissolve the cells, causing them to 
rupture. Visually, this manifests as fluid filled blisters on the skin and large sheets 
of skin sloughing while blood settling causes postmortem lividity.20,27–30   
4.2 Putrefaction 
 
Putrefaction begins after enough nutrient-rich fluids from the ruptured cells 
become available to the microorganisms inside of the body.  These 
microorganisms commence the breakdown of the soft tissue in the body, 
producing gases, liquids and simple molecules.  Eventually the bloating produced 
by these gases splits the skin, exposing the inside of the body to the outside 
environment. As soon as this occurs, the process of active decay begins. The 
result of putrefaction is the catabolism of carbohydrates, proteins and lipids 
present in soft tissues into gasses, liquids and simple molecules. 20,27–30   
5. Soil   
 
The effect of soil on decomposition processes is an area of research that 
has only been tentatively examined.  The effect of soil on decomposition is 
important because while it is known that burial affects the rate of decomposition, 
it is not understood how the soil affects the VOC profile.  Most soil-volatile 
studies have been performed in order to evaluate the ability of soil to adsorb 
pollutants, relatively few studies have been performed to characterize the volatile 
organic compounds emitted from un-spiked or unpolluted soils.9,31–38  The few 
studies that evaluated plain soils identified various types of terpenes emitted from 
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soils at the soil-litter interface.36,37,39  From the studies that have been done, soil 
is considered to act as a sink and adsorbing matrix for VOCs rather than a major 
source of production.37, 40–42 
6. Factors Affecting Decomposition in Soil and VOC Production 
 
Soil is a complex matrix that is comprised of organic material, minerals, 
and organic/aqueous solutions with varying pH, particle size distribution and 
microbial density. The composition of soil, even soil appearing uniform in size, 
creates niches/cavities/pores of varying sizes.  Some pores of the soil are filled 
with water; micro-zones of good aeration may exist adjacent to areas of anoxic 
conditions.  The pH and amount of decaying organic materials can also vary 
greatly.43  Individual layers, known as horizons, may vary within a soil in regards 
to thickness and have irregular boundaries.  Depending on burial depth, buried 
remains may be exposed to a number of different variables.43    All of these 
factors have the potential to alter the rate and mode of decomposition.25 Burial at 
1-2 feet may produce skeletonized remains in months to a year while remains 
buried at 3-4 feet may take years to achieve the same level of 
skeletonization.9,13,30,44 The depth of burial affects the rate of decomposition in 
some predictable ways.  Since it limits access to the remains from insect activity 
and provides a buffer to increases in temperature, the rate of decomposition 
slows dramatically.  It is frequently stated in literature that temperature is the 
factor that has the greatest effect on the decay rate.11,20,29  Decay is retarded in 
freezing weather while in warm or hot weather it may take only 2-4 weeks for a 
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body to become completely skeletonized.44 Since a majority of soft-tissue 
destruction is due to insects, the accessibility to the body will delay or expedite 
the process of decomposition.44 By being buried, a body is automatically 
protected from most insect activity and buffered from changes in environmental 
variables. 
The presence of oxygen is a significant variable in the production of VOCs 
during decomposition.30 The presence of oxygen during the initial aerobic phases 
increases the rate of decomposition.  Under anaerobic conditions, microbes 
undergo a specific type of metabolism: fermentation.  This is energetically 
inefficient when compared with oxidative metabolism and results in numerous 
metabolic end products.14  It has been determined that when moisture is factored 
out, the lack of oxygen in the soil slows down the rate of decomposition 4.6 
times.11   
Micro-organisms, either as by-products or end-products, are the primary 
producers of VOCs in decomposition.  Microbes are already present inside the 
body, in addition to those present in the body, micro-organisms from the 
environment may also colonize the cadaver.  The combination of these two 
sources of microbes results in highly complex data.20 
The macromolecules discussed earlier (proteins, nucleic acids, 
polysaccharides and lipids) break down according to the availability of oxygen.  
Proteins will undergo proteolysis, producing proteases, peptones, amino acids 
and polypeptides.  The anaerobic breakdown of amino acids results in sulfides, 
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thiols and aromatic, nitrogen-containing compounds like indole.  Adipose tissue, 
comprised mainly of lipids will produce acids/esters upon anaerobic hydrolysis 
and/or aldehydes/ketones with the availability of oxygen.  Prolonged contact with 
water causes fat to saponify and become a hard, waxy substance called 
adipocere.  Carbohydrates, which are the preferred substrate of most bacteria, 
will form organic acids and alcohols upon decomposition in an anaerobic 
setting.6,20,30   
7. The Source of Soil Samples: Holliston, Massachusetts 
 
According to the U.S. Department of Agriculture the soils comprising 
north-eastern North America, including Massachusetts, are typically classified as 
spodosols.  These soils are characteristic of conifer forest soils.43   Furthermore 
the USDA-Natural Resources Conservation Service (NRCS) provides a Web Soil 
Survey that provides soil data and information accessible to the public.  The 
NRCS has soil maps and data available online for more than 95% of the nation’s 
counties.  Additionally, once an area of interest is selected on the map, the user 
has access to soil data, including both chemical and physical properties of the 
soil in the user-defined area.45 
Examples of soil chemical properties include pH and cation exchange 
capacity (CEC).  Cation-exchange capacity is the total amount of extractable 
cations that can be held by the soil and is expressed in terms of milliequivalents 
per 100 grams of soil at neutrality.  Soils that have a low CEC hold fewer cations 
and are less likely to retain hazardous material.  Examples of soil chemical 
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properties include the percentage of clay, sand and silt, organic matter and 
surface texture. There are three primary categories of soil separates (clay, silt, 
sand) whose relative percentages affect the physical behavior of a soil. Clay, as 
a soil separate, consists of mineral soil particles that are less than 0.002 mmm in 
diameter.  The amount and kind of clay affect the fertility and physical condition 
of the soil and the ability of the soil to adsorb cations and to retain moisture.  Silt 
as a soil separate consists of mineral soil particles that are 0.002 to 0.05 mm in 
diameter.  Sand consists of mineral soil particles that are 0.05 mm to 2 mm in 
diameter.43,45  
8. The Pig as an Analog for Human Decomposition  
 
Due to ethical issues involved in the use of human remains, pigs are often 
used to model the human decomposition process.  Since their weight, fat to 
muscle ratio, hair coverage, biochemistry and physiology closely resemble 
humans, they are considered to be a reasonable substitute.6,15,16,46 While pigs 
may provide adequate analogs for the human decomposition process, the 
purpose of generating a volatile model for decomposition events is to locate 
and/or characterize human remains. The ability to differentiate between animal 
and human tissue is crucial in order to determine the PMI and to be certain HRD 
canines are alerting to human remains.   
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9. Previous Decomposition Research 
 
 Much of the previous research has focused on field studies and full-body 
decomposition.8–10,12,28  Initially, studies focused on full-body decomposition in 
the natural environment to avoid bias.3  However, with the increased demand in 
studies related to canine scent detection and portable scent devices, the need for 
more controlled studies has shifted this trend over the last several years.  
Additionally, without controlling variables, the amount of data produced in some 
studies has proven difficult to interpret.8,9,13  Past studies also focused on VOCs 
of samples that had been decomposing for years or limited to several days.  The 
need for more studies focusing on intermediate time intervals is apparent. 5–20  
Selected research from the past 12 years is presented in Table 1.   
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Table 1. Summary of PMI and Odor analysis studies published over the last 12 years. 
 
10. HYPOTHESIS 
 
Despite vigorous efforts of many researchers across a multitude of 
disciplines, training HRD canines, locating clandestine gravesites and 
determining post-mortem intervals are still difficult, costly and time consuming.  
Year Group Sample Types Technique Goal 
2002 Vass et al.
28
 
18 human bodies (4 
yrs.) 
Biological fluid 
testing: GC/MS 
PMI 
2004 Vass et al.
8
 
4 human bodies buried 
(1.5 yrs.) 
TST/GC/MS 
Odor 
analysis 
2005 
Statheropolous 
et al.
13
 
2 human bodies TD/GC/MS PMI 
2007 
Statheropolous 
et al.
25
 
1 human body (4-5 
days) 
TD/GC/MS PMI 
2008 Vass et al.
9
 
4 human bodies buried 
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TST GC/MS 
Odor 
analysis 
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2009 Hoffman et al.
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2011 Vass et al.
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2012 Cablk et al.
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Peterson et al.
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2012 Vass et al.
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analysis 
2012 Stadler et. al
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Odor 
analysis 
2013 Tumer et. al
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32 pig limbs in 4 soil 
types 
Visual observations PMI 
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The goal of this research was threefold.  It is not always the case that an entire 
body is found and as each tissue type may contribute its own profile the first 
objective was to characterize the volatile organic compound profiles emitted from 
isolated pig tissues over the course of six weeks: blood, bone, fat, intestine, 
muscle, and skin. Additionally, since there is a great deal of variation in the 
technique and results in existing literature, establishing a baseline of 
decomposition was necessary in this study.  The second objective was to 
observe how the freezing of tissue samples affect their volatile profiles.  
 The third objective was to examine the effects of soil and sample mixture 
on the VOCs produced.  As outlined above, the addition of soil increases the 
complexity of decomposition.  The issue regarding the influence of soil on VOC 
emission is that there is little understanding of how it impacts the profile.  The 
source and/or absence of some volatiles once remains are buried have not been 
investigated thoroughly and no one has yet narrowed down from the large 
number of variables that come with soil, which factors are affecting change.   
 
II EXPERIMENTAL DESIGN 
 
1. Solid-Phase Microextraction 
Solid-phase microextraction (SPME) is a simple, solventless, effective 
technique for the adsorption and desorption of volatile and semi-volatile 
compounds.  This technique provides a method for the sampling, isolation, and 
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concentration of analytes, while allowing for a direct interface to GC- and 
HPLC.49  The ability to select the polarity and thickness of the fiber coating allows 
for selective or broad adsorption and by maintaining consistent sampling time 
and quantity ensures consistent, quantifiable results from low concentrations of 
analytes.50  Other types of methods used to analyze volatiles included liquid-
liquid extraction, purge-and-trap and other headspace techniques.  Many of 
these methods are timely and require additional equipment and solvents.  SPME  
eliminates most of these obstacles.49  Other methods of extracting volatiles are 
triple sorbent traps, thermal desorption, and activated charcoal.  The benefit that 
SPME possesses over these is its specificity and ease of employment.   
The fiber itself consists of fused silica, coated with a polymer.49  This is 
bonded to a stainless steel plunger and screwed into a syringe-like holder.  The 
plunger is able to move the fiber in and out of a metal needle that is strong 
enough to pierce the septum of the sealed sample vial.  The plunger exposes the 
fiber to the sample for a user-defined period of time, anywhere between 2-30 
minutes.49  After adsorption the fiber is introduced to the GC sample inlet where 
the high temperature desorbs the compounds from the fiber coating.  The 
amount of analyte adsorbed by the fiber depends on the thickness of the polymer 
coating and on the distribution constant for the analyte.  The distribution constant 
generally increases with increasing molecular weight and boiling point of the 
analyte.  Selectivity can be altered by changing the type of polymer coating or 
coating thickness.  Since a thick coating will extract more of a given analyte than 
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a thin coating, a fiber with a thicker coating is used to retain volatile compounds 
and transport them without sample loss while a thin coating will ensure fast 
diffusion and release of higher boiling point compounds during thermal 
desorption.49   
Due to its ease of use, many areas of forensics have worked to apply this 
simple technique to analytes that typically require time-consuming sample 
preparation.  These applications include explosives3,51, toxicology4,51, fire-
debris2,51 and human-scent analysis.16,17,19,21  The wide variety of fiber types and 
ability to directly inject into a GC/MS provides a technique for the analysis of 
decomposition products that is accessible to most laboratories.  
SPME is advertised by SUPELCO as a technique with a limit of detection in 
the parts per trillion (ppt) range.51  In a study comparing the sensitivity of SPME-
GC/MS to canine olfaction in cancer patients, the lowest LOD values for volatile 
organic compounds were reported in the range of 1-5 parts per billion (ppb).  
When these same cancerous samples were exposed to scent detection canines, 
they were positively identified in 86% of cases.18  Given this comparison, SPME-
GC/MS is a promising technique for the extraction and analysis of VOCs in 
relation to canine scent detection.  
2. Gas Chromatography-Mass Spectrometry 
  Chromatography-based techniques are a common and effective way to 
separate complex mixtures.  The GC consists of a mobile phase, injection port, 
stationary phase, temperature-controlled oven, detection system and a data 
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system.  The column, which is located within a temperature-controlled oven, is 
lined with a polymer stationary phase, which is user defined and selected prior to 
analysis.  The stationary phase is available in varying polarities and is selected 
based on the range of compounds being analyzed.  The mobile phase is an inert 
gas, which flows through the column at a specified flow rate.  In SPME-GC/MS, 
the fiber is introduced into the injection port and the sample is desorbed by flash 
vaporization.  The adsorbed components desorb and flow with the mobile phase 
and separate in the column based on the strength of their interaction with the 
stationary phase.52   
 As the compounds are separated they exit the column and enter the 
detection system.  When the compounds enter the detection system, in this case 
a mass spectrometer, they are introduced into an ion source where they become 
fragmented ions.  Ion fragments are generated based on varying bond strength 
within the compound.  Weaker bonds are more likely to fragment and do so at a 
higher frequency than stronger bonds.  This process creates reproducible 
fragment ions of varying weights and ratios that can be compared to a spectral 
library.  The ionized fragments are introduced to the mass analyzer, usually a 
quadrupole, which sorts and separates ions based on their mass-to-charge ratio.  
After sorting, the ions are detected electronically and analyzed by a computer 
system.  The combined GC/MS process provides two types of data.53  The 
chromatogram resulting from the GC displays peaks of relative abundance and at 
what time they eluted off of the column.  The mass spectrum displays the 
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molecular weight of each fragment peak and its relative abundance to the most 
abundant peak. 
 
III MATERIAL/METHODS 
 
1. Materials 
 
1.1 Tissue Sample Preparation 
Method development was performed on boneless pork-chops obtained from a 
local grocer.  A 115 lb. pig (Sus scrofa) from Tufts Medical Center was obtained 
as a source of the tissue used in this study.  Other materials utilized in this 
portion of the study included disposable scalpels and razor blades, Kimble-
Chase screw thread sample vials (8 mL and 16 mL) with open-top black 
polypropylene closures and PTFE-faced silicone septa, Acros Organics acetone 
reagent-grade 99.5%, 250 mL glass container with lid, heat seal bags, 
FoodSaver V2240 vacuum heat sealer, and a Micro-Lux Tools diamond blade 
band saw. 
1.2 Soil Sample Collection/Preparation/Analysis 
The materials used for collecting and analyzing soil samples from Holliston 
included a hand-held Garmin GPS, 1” diameter soil core sampler, aluminum foil, 
hammer, Thermo Econotherm Laboratory oven, Thermo Scientific Thermolyne 
small benchtop muffle furnace Type FB1300, Fisher Alkacid full-range pH strips, 
sieve sizes 5 (4 mm),10 (2 mm), 60 (.250 mm), 230 (.063 mm).  
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1.3 Extraction/Analysis 
Sigma-Aldrich 65 µm PDMS/DVB, 30/50 µm PDMS/DVB/CAR, 100 µm 
PDMS Solid Phase Microextraction fibers were used along with ring-stands, and 
clamps for the extraction procedure.  All samples were analyzed using an Agilent 
7890A GC with an Agilent 5975C Inert XL EI/CI MSD (Table 2, Table 3).    MSD 
Enhanced Chemstation G1701EAE. 02.00.493 software was used for peak 
identification.  
Table 2. Gas Chromatography Specifications. 
 
GC Manufacturer & Model Agilent 7890A 
Carrier Gas Helium 
Column and Manufacturer & Model Restek Rxi-5HT 
Column Stationary Phase diphenyl dimethyl polysiloxane 
Column Length 30 m 
Column Internal Diameter 250 µm 
Column Film Thickness 0.25 µm 
 
Table 3. Mass Spectrometry Specifications. 
 
MS Manufacturer & Model Agilent 5975C Inert XL EI/CI MSD 
Ion Source Type Electron Impact 
Ion Source Voltage 50 Hz 
Mass Analyzer Quadrupole 
Mode Scan 
Detector Electron Multiplier 
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2. Preliminary Studies 
 
2.1. Amount of Tissue Used and SPME Extraction Temperature 
 
Headspace sampling sensitivity is optimum when the headspace volume is 
between 30 and 50% of the vial.54  When the headspace is within this range, the 
fiber extracts more sample faster and with greater efficiency.54  To stay in this 
headspace range, 3 g was chosen as the tissue amount for this study due to 
differences in volume between tissue types.   
While samples were extracted at both elevated and room temperature early in 
the method development period, it was determined that since this was not a 
temperature-based study future samples would be extracted at the temperature 
they decomposed in.   
2.2 SPME Fiber Selection 
 
Three types of fibers were tested in this study.  One was a single-phase fiber 
with a coating composed of Polymethylsiloxane (PDMS) and thickness of 100 
µm.  The second was a PDMS/Divinylbenzene (DVB) fiber with a 65 µm coating 
thickness and the third was a triple-phase fiber composed of 
PDMS/DVB/Carboxen (CAR) and 50/30 µm in thickness.  In blended fiber 
coatings, porous material like DVB and CAR is blended into PDMS or Carbowax, 
which allows for multiple coatings without having to increase the size of the fiber 
or decrease the amount of coating.    PDMS is the optimum fiber to use for 
nonpolar and volatile compounds, while the dual phase fiber is ideal for polar 
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volatile compounds and the triple-phase fiber is ideal for a broad range of analyte 
polarities.50  It should be noted, however, that an increase in the amount of 
phases per fiber does not increase the size of the fiber and total available 
sorbent area. Ultimately, in agreement with previous studies, the 65 µm 
PDMS/DVB fiber was selected for use.16,21 Chromatograms comparing these 
fiber types can be found in Appendix A. 
2.3 Extraction Time 
 
SPME-GC/MS requires manual injection of the fiber into the GC.  In order to 
elute all of the compounds present in decomposing tissue with enough peak 
separation for successful integration and identification, a 30-minute GC method 
was necessary for each sample.  Given the length of the GC method, extraction 
time optimization was required to minimize the length of total analysis.   Hoffman 
2009 examined the volatiles emitted from 14 separate tissue samples from 
human remains using SPME combined with GC-MS.  After a fiber-type was 
selected, a series of extraction times were performed using the Hoffman 2009 
study as the starting point.21  Pork samples from the local grocer were extracted 
at 20 and 40 minutes.  In contrast to previous methods, 40 minutes was 
determined to be the optimum extraction time (see Appendix A for figures). 
After the extraction method was optimized, isolated muscle samples were 
setup in extraction vials, left to decompose for varying time periods and then 
extracted in duplicate.  The purpose of this study was to establish reproducibility 
to forgo testing all samples in duplicate.  Since SPME-GC/MS is a manual 
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method it requires the analyst to be there for the entirety of the sequence run.  
Due to the length of the extraction time (40 minutes) and the length of the 
method (30 minutes without resetting for the next sample) it was necessary to 
determine how many samples were needed for each time point (Figure 1). 
2.4 Extraction Parameters: Part III  
 
For the third and final part of this thesis, larger extraction vials were 
necessary to combine both soil and tissue samples into the same extraction vial.  
16 mL vials were utilized instead of 8 mL vials, and so it was necessary to re-
optimize the extraction time.  Several sample and vial combinations were 
examined and boneless pork-chops were used for this part of the experiment.  
For comparison, samples extracted from the larger sample vials were compared 
to samples setup under the previously used extraction parameters.  This was to 
ensure that chromatographic profiles of 16 mL-vial extractions were comparable 
to the 8 mL vials.  16 mL vials with both 3g and 6 g of tissue were setup and all 
were left at room temperature for 1 week.  Extractions were performed at 40, 60, 
90, and 120 minutes using the 16 mL vials and then compared to extractions 
analyzed under the standard conditions established for parts I and II of this study.  
It was determined, upon comparison, that 3 g of tissue extracted for 1 hour was 
the optimum compromise between extraction-length and peak loss.  
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2.5 GC/MS Method   
 
Part I and II samples were analyzed under the IDV3 method outlined in 
Table 4 and Part III and initial soil samples were analyzed by the IDV4Try2 
method, also outlined in Table 4.  From previous extractions of soil samples, it 
was determined that the timespan that eluted the most compounds was the same 
time for both the tissue and soil samples.  In anticipation of peak co-elution or 
masking, the GC method was altered by decreasing the ramp rate from 
10◦C/minute to 5◦C/minute between minutes 6 and 17 (Table 4).  Since the same 
starting and ending temperatures were preserved between methods, the final 
hold time was decreased to prevent the method from getting much longer than 
the initial method.  The final run time of the second method (IDVTRY2) was 
32.50 minutes.  
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Table 4. Gas Chromatography-Mass Spectrometry Methods. 
 
Method Name IDV3 IDV4Try2 
Injection Source Manual Manual 
Split/Splitless Splitless Splitless 
Injection-Port 
Temperature 
260 260 
Pressure 5.9818 5.9818 
Flow (constant) 0.92726 mL/min 0.92726 mL/min 
Oven Ramp 35 ◦C hold for 4.5  
10 ◦C/min to 240 hold for 
4 minutes 
 
35 ◦C hold for 4.5 
10 ◦C/min to 50 
5 ◦C, min to 105 
10 ◦C, min to 240, hold 2 
minutes 
Solvent Delay 6 minutes 6 minutes 
Scan Parameters 40-500 40-500 
Total Runtime 30 minutes 32.50 minutes 
 
3. Experimental Design 
 
3.1  Decomposition Study 
A six week decomposition study was carried out using fresh pig tissue.  
One 115 lb. pig (Sus scrofa) was euthanized by captive bolt on January 18, 2014 
at Tufts Medical Center under the aegis of a protocol approved by the 
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Association for Assessment and Accreditation of Laboratory Animal Care 
International protocol and brought to Boston University for dissection within 
hours.  Initially, blood was collected from the pig from an incision across the 
jugular that allowed blood to drain through a hole in the dissection table and into 
a large glass container.  When this method did not procure enough volume it was 
collected via syringe from the heart and thoracic cavity.  Both the fat and skin 
were excised from the torso of the pig and separated with a scalpel, and the 
muscle was collected from the gluteus maximus muscle.  The removal of the 
small intestine involved tying it off with string and cutting to avoid spillage of the 
intestinal contents.  Five of six tissue types were partitioned, measured into 3 g 
portions and added to their respective sample vials at the time of dissection.  Due 
to the length of the dissection process, the pig was stored in a walk-in refrigerator 
and bone samples were obtained the next day.   The bone samples were 
collected from the lower hind limb and included the tibia, fibula and tarsals.  
These bones were cut into smaller segments using a bone saw, weighed and put 
into vials.  Prior to use, the vials were rinsed with acetone21 and dried in an oven 
at 120 degrees Celsius for 2 hours. 
A total of seven time points were collected from each tissue type and ten 
vials were set up for each.  This allowed for re-sampling in case of extraction or 
instrumental failure.  The first time point was collected within 24 hours of 
dissection and the subsequent 6 time points were collected at one week 
intervals. 
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3.2  Frozen Tissue Study 
In order to examine the effects of freezing and thawing of pig tissues on 
VOC emission, an identical study was performed on tissue samples previously 
taken and stored from the same sources as used in the initial decomposition 
study.  All six tissue types were setup, extracted and analyzed using the same 
methodology as in part I of this study and the results compared to those from 
fresh tissue samples. 
3.3  Soil Study 
 
3.3.1 Location Selection   
Three locations from an anatomical research facility located in Holliston, 
MA were selected for soil collection.  The first location was from a heavily 
wooded area (W = wooded) located beyond view of any paths.  This was done to 
avoid any pollutants from litter or horse manure located in the more heavily 
travelled areas.  The second location was in close proximity to a pond (P = pond) 
on the property and consisted of very moist, dark soil.  The third location was 
across the path from the marsh (M = marsh) and consisted of lighter, coarser-
grained soil than the wooded area.  All three locations were chosen to simulate 
different areas that may be found in forensic investigations.   
3.3.2 Soil Collection 
Five to ten soil cores were collected from each location depending on how 
many soil horizons were visible.  The wooded samples had a distinct and 
substantial second horizon whereas the samples taken from the pond and marsh 
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did not.  Since no less than 100g was required for the analysis of each soil 
horizon, if a soil had more than one horizon, more samples were required.  Once 
the soil core was removed from the ground, a hammer was used to tap the intact 
sample out of the core sampler into aluminum foil and wrapped to preserve the 
length of the core and the soil horizons while avoiding air-tight packaging.  The 
samples were labeled and put on ice until analysis.55   
3.3.3 Soil Analysis 
Four parameters were measured for each soil type prior to GC/MS 
analysis: pH, moisture content, organic content and soil texture.  To measure pH 
a 1:1 ratio of 10 mL deionized water and 10.0 g of each soil horizon were 
combined and stirred for five minutes before using pH paper to determine pH 
values +/- 0.5.56    
 The moisture content was measured by weighing 50.0 g of soil from each 
location and horizon. The soil was then ground using a mortar and pestle to 
facilitate even drying.  The soil samples were put into an oven at 110◦C and 
allowed to dry overnight.  The moisture content of the soil was calculated using 
equation 1.56 
 Moisture Content% = Wet weight - Dry Weight (g)   (1) 
     Wet Weight (g) 
 The organic content of the soil was measured by incinerating 10.0 g of the 
dried soil samples in a muffle furnace at 550◦C for 4 hours following a tune of the 
instrument for the temperature and load required for this study.57  The tune was 
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performed by loading two ceramic crucibles with 10.0 g of dried soil into the 
muffle furnace and adjusting the furnace to the experimental temperature.  The 
tuning oscillates between temperatures in order to calibrate the furnace to the 
weight of the load.  This ensures the furnace remains at the desired temperature 
throughout the incineration process without overshooting the set temperature. 
Since there was variation between several protocols reviewed for this study the 
sample was checked after the 4 hour period.  If the sample displayed any embers 
or dark material it was put back in for another 2 hours.  The Loss on Ignition was 
calculated for each sample using equation 2.56 
 % Organic Content = Dry weight - Weight after ignition (g)  (2) 
      Dry Weight (g) 
 The soil texture was approximated using a common field method whereby 
a bolus is formed from the soil and a flowchart (see Appendix B) is used to 
determine the soil’s texture.58  A soil texture was assigned to each soil horizon.   
A set of sieves with mesh sizes 0.063, 0.250, 2, and 4 mm were used.  10.0 g of 
dried soil was poured and shaken through the sieves.  The contents of each 
sieve were each measured and the combined weights of particles greater than 
0.063 mm but less than 2 mm were used to calculate the percentage of sand.56   
 Finally, each soil horizon was analyzed using the same GC parameters 
designed for Part III of this study.  The soil from the woods location was chosen 
for Part III of this study for two reasons.  The woodland soil samples produced 
the fewest peaks when analyzed by GC-MS and every core taken possessed two 
28 
 
clearly-defined horizons.  The upper horizon was designated WT for woodland 
topsoil and the lower horizon was designated WB for woodland ‘bottomsoil’ and 
both were used for the final part of the study   
3.4  Part III, Soil and Tissue 
  Three tissue types (blood, bone and muscle) were chosen to mix with the 
W-soil samples due to their use as training aids, and range of volatiles they 
produced in parts I and II of this study.  Three types of samples per tissue type 
were setup for this part of the study.  Seven blood, bone and muscle samples 
contained within vials were setup to sample over 6 weeks to serve as controls.  
Seven vials of each W-soil horizon were also setup to act as soil controls.  The 
upper horizon was designated the abbreviation WT for wooded topsoil and the 
lower horizon was designated the abbreviation WB for wooded ‘bottom soil’.  
Finally, the tissues were mixed with the soil samples for seven time points 
according to 5. 
Table 5. Sample setup for Part III, time-point 1. 
 
Blood Bone Muscle 
WT WB WT WB WT WB 
Time 1 
Soil + 
Tissue 
Soil + 
Tissue 
Soil + 
Tissue 
Soil + 
Tissue 
Soil + 
Tissue 
Soil + 
Tissue 
  
4. Integration Parameters and Compound Class Assignment  
To ensure consistency in peak identification, user-defined integration 
parameters were edited to suit this study and applied to all chromatograms.  
Integration locates the peaks in the chromatogram and calculates their area, 
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height and width.  This process is defined by parameters referred to as 
integration events:  Initial Area Reject (0), Initial Peak Width (0.025), Shoulder 
Detection (off) and Initial Threshold (15.5).59  The initial threshold and peak width 
values were altered from the default settings by experimentation after applying 
them to several chromatograms generated from intestinal material.  
Chromatograms from the intestinal samples were chosen because they 
generated the largest number of peaks and some of the poorest peak resolution. 
The initial threshold and peak width values were altered until all of the baseline 
peaks that could be identified were included in the integration parameters.  
These values provided a user-defined threshold for the basis of all Total 
Integrated Peak Area (TIPA) calculations (equation 4) and were applied across 
all chromatograms.   Some ‘peaks’, that resulted from excessive peak fronting, 
were discarded at the analyst’s discretion.  This provided a compromise between 
the exclusion of small, but clearly resolved peaks and the inclusion of peaks too 
low in abundance and poorly resolved to identify. 
 
Class% of TIPA= SUM(integrated peak areas for class of compounds)     (4) 
     TIPA of chromatogram 
All work done on VOCs have assigned the compounds identified to 
various classes.  How the compound classes are combined or separated 
changes between studies.  For instance, some authors combine carboxylic acids 
and esters21 and separate all other oxygen-containing compounds, others 
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combine all oxygen compounds into one category.8  Differences in grouping 
these compounds make it more difficult to compare results between research 
articles, particularly when comparing multiple tissue types and animal species.  
Ideally, compounds should be grouped only when they are coming from the 
same source tissue.  Ketones and Aldehydes, for example, are both reported as 
coming from the decomposition of fat whereas alcohols are frequently produced 
as by-products of fungal and bacterial metabolism.14,17,20   
Chromatograms resulting from this study were processed using MSD 
enhanced Chemstation software and peaks were identified through comparisons 
to the National Institute of Standards and Technology mass spectral library.  
Each integrated compound was assigned to one of 10 classes chosen based on 
their macromolecular origin: Acid/ester, Alcohol, Aldehyde/ketone, Aromatic, 
Halogen, Hydrocarbon, Other, Sulfur-containing, Terpene and Undetermined.  
Compounds were assigned to Other if they contained functional groups that 
would have placed them into multiple classes; compounds that were not 
identifiable to the class level were assigned to the Undetermined group.   
 
IV RESULTS SECTION: PARTS I AND II 
 
1. Reproducibility 
 
An example of sample reproducibility is shown in Figure 1.  Two muscle 
samples were prepared the same way and left to decompose for 12 weeks.  
When extracted and analyzed at twelve weeks their chromatograms were 
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qualitatively evaluated.  The two samples showed high peak agreement when 
overlaid, but variation of peak ratios.  This was a consistent observation between 
samples run in duplicate (see Appendix C). 
 
Figure 1. Chromatographic overlay showing the detected peaks of two identically prepared 
muscle samples extracted 12 weeks after thawing. 
 
2. Characterization of Volatile Compounds from Different Tissue Types 
The lack of consistency in methodology and results in the published literature   
necessitated the VOC characterization of specific tissue types used in this study.  
Compounds were identified if they exhibited a match probability at or above 85%, 
if head-to-tail comparisons between mass spectra exhibited a high level of 
agreement, or if it was identified in another sample of the same tissue type at the 
same retention time with a high match probability.  Many integrated compounds 
could not be absolutely identified.  In these cases, peaks were assigned to a 
class of compounds.  Those that could not be categorized were assigned to the 
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unidentified category.  In many previous studies, the amount of compounds 
contributing to each class is used to compare sample composition.  In this study 
the total integrated peak area (TIPA) of each compounds class was used 
instead.  An example of the differences in results can be seen in Figure 2.  
Stacked column charts were utilized to characterize fresh samples and to 
compare fresh and frozen samples to determine whether any significant 
differences existed between the two.   
 
Figure 2. Comparison of a skin sample at time 5 using two different comparison measurements. 
 
 
Blood 
Over the period of 6 weeks, 51 different compounds were identified from 
the fresh blood samples.  Of those compounds, alcohols, aromatics and sulfur-
containing compounds contributed the most to the total integrated peak area 
(TIPA) (Figure 3).  When compared to frozen blood (Figure 4), the two figures 
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were very similar.  Alcohols, aromatics and sulfur-containing compounds 
contribute the most to TIPA. 
 
Figure 3. Changes in the headspace composition of fresh blood using the combined 
integrated peak areas of each compound class over the 6 week study period. 
 
 
 
Figure 4. Changes in the integrated peak areas of compound classes in frozen blood 
across 6 weeks of sampling. 
 
Blood is the most distinct tissue-type in terms of chromatographic pattern 
recognition (Figure 5).  Each chromatogram is characterized by four, high-
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abundance peaks between 10.00 and 16.00 minutes with additional peaks 
present in the baseline.   
Consistent with its simplistic volatile profile, blood showed the least 
amount of change over time (Figure 5).  The relative contribution of each 
compound class to compound diversity and integrated peak area also remained 
fairly consistent throughout the 6 week testing period. The most abundant 
compounds are listed in (Table 6).  While fairly consistent from week to week, 
seven compounds alternated as the most abundant compounds at each time 
point.  Indole and 4-methyl phenol were the only compounds to remain on the top 
five most abundant compounds in the blood samples. 
 
 
Figure 5. Chromatographic overlay showing the detected peaks of two fresh blood samples at 
Times 2(black) and 6(red). 
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Table 6. The 5 most abundant compounds detected at each time point in fresh blood samples. 
 
Blood 
1 2 3 4 5 6 7 
Phenol   x x   x x x 
Phenol, 4-methyl- x x x x x x x 
2-nonanone x             
Benzophenone x             
Indole, 3-methyl     x x       
Indole x x x x x x x 
Dimethyl trisulfide   x   x x x x 
Tetrasulfide, dimethyl   x x x x x x 
Unidentified x             
 
Bone  
A total of 69 compounds were identified over 6 weeks of extracting VOCs 
from bone samples.  Of those compounds, acids/esters, sulfur-containing 
compounds, and aldehydes/ketones contributed the most towards TIPA (Figure 
6).  The frozen bone samples (Figure 7) exhibited a larger contribution of acids 
and esters and overall less consistency from week to week than the fresh bone 
samples. 
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Figure 6. Changes in the headspace composition of fresh bone using the combined 
integrated peak areas of each compound class over the 6 week study period. 
 
  
Figure 7. Changes in the integrated peak areas of compound classes in frozen bone 
across 6 weeks of sampling. 
 
Qualitatively, there is a noticeable contrast between each tissue type.    
Each chromatogram obtained from bone samples is characterized by one large 
peak (indole) at around 16.00 minutes, while the remainder of the profile primarily 
contains carboxylic acids and esters (Figure 8). 
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 Figure 8. Chromatogram showing the five most abundant compounds according to TIPA
integrated peaks are colored according to their corresponding compound class.
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 list, bone had a total of 18 (Table 7)
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same source, variations in the ratio of these three components could also affect 
which compounds were the most abundant. 
 
 
 
Figure 9. Chromatographic overlay showing the detected peaks of two fresh bone samples at 
times 3(black) and 7(red). 
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Table 7. The 5 most abundant compounds detected at each time point in fresh bone samples. 
 
Bone 
1 2 3 4 5 6 7 
Butanoic acid     x x x x   
Butanoic acid, 2-methyl-   x x x   
Butanoic acid, butyl ester   x 
Pentanoic acid, 4-methyl   x   
1-Octen-3-ol x   
2-Octen-1-ol, (Z)- x   
Phenol x x x 
3-Octanone   x 
Propanal, 2-methyl-, 
methylhydrazone   x   
Octane   x x x x x 
Furan, 2-pentyl-           x   
Indole   x x x x x x 
Dimethyl trisulfide   x x x   
Heptane, 1-(methylthio)-   x x   
 
Fat   
A total of 65 compounds were identified over six weeks of extracting 
VOC’s from subcutaneous fat samples.  Of those compounds, acids/esters 
contributed the most to TIPA (Figure 10).  When compared to the frozen fat 
(Figure 11) the composition was principally the same.  While no compounds were 
detected in the time 1 sample, most of the compounds identified were acids and 
esters. 
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Figure 10. Changes in the headspace composition of fresh fat using the combined 
integrated peak areas of each compound class over the 6 week study period. 
 
 
Figure 11. Changes in the integrated peak areas of compound classes in frozen fat 
across 6 weeks of sampling. 
 
Fat profiles were distinct in that the most abundant compounds eluted 
before 12 minutes.  Compounds such as indole, dimethyl trisulfide, dimethyl 
tetrasulfide and phenol that are frequently found as the most abundant peaks in 
other tissue types are not present in most of the fat samples.  Due to the 
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Fat profiles did not exhibit significant changes
general the amount of peaks detected increased with each we
and the most abundant compounds in each sample remained fairly consistent
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Figure 13. Chromatographic overlay showing the detected peaks of two fresh fat samples from 
times 3(black) and 7(red). 
 
 
Table 8 showed that after the first 24 hours of decomposition all abundant 
compounds were acids or esters.  The most common being butanoic acid, 
butanoic acid butyl ester, butanoic acid ethyl ester, hexanoic acid ethyl ester, 
pentanoic acid 4-methyl-,ethyl ester and pentanoic acid ethyl ester. 
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Table 8. The 5 most abundant compounds detected at each time point from fresh fat. 
 
Fat 
1 2 3 4 5 6 7 
Unidentified   x           
Butanoic acid   x x x x 
Butanoic acid, 2-methyl-, ethyl ester   x   
Butanoic acid, butyl ester   x x x x 
Butanoic acid, ethyl ester   x x x x x x 
Hexanoic acid, 2-methyl-   x 
Hexanoic acid, ethyl ester   x x x x   
Pentanoic acid   x 
Pentanoic acid, 4-methyl-, ethyl ester   x x x x   
Pentanoic acid, ethyl ester   x x x x   
Cholesta-4,6-dien-3-ol, (3á)- x   
2,6,10,14,18,22-Tetracosahexaene, 
2,6,10,15,19,23-hexamethyl-, (all-E)- x   
Cholesta-3,5-diene x   
Heptacosane x   
2,5-Furandione, dihydro-3-(2-
octadecenyl)- x             
 
Intestine  
A total of 86 compounds were identified over six weeks of extracting 
VOC’s from small intestine samples.  Of those compounds, acids/esters, alcohols 
and hydrocarbons contributed the most to the TIPA (Figure 14). No trend or 
consistency was observed between intestine samples.  The same observation 
was made with frozen small intestine samples (Figure 15). Several compound 
classes (acids/ester, alcohols, hydrocarbons and sulfur-containing compounds) 
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alternated as the most abundant class; however, there was no consistency from 
week to week or between fresh and frozen samples. 
 
Figure 14. Changes in the headspace composition of fresh intestine using the combined 
integrated peak areas of each compound class over the 6 week study period. 
 
 
Figure 15. Changes in the integrated peak areas of compound classes in frozen small 
intestine across 6 weeks of sampling. 
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Each chromatogram was fairly distinct between intestine samples (Figure 16).  
There were 23 different compounds across 6 compound classes that were, at 
some point in the sampling period, the most abundant. No compound occurred 
as the most abundant in more than 3 of the 7 samples (Table 9). 
 
Figure 16. Chromatographic overlay showing the detected peaks of two fresh small intestine 
samples at times 4(black) and 5(red). 
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Table 9. The 5 most abundant compounds detected at each time point from fresh intestine. 
 
Intestine 
1 2 3 4 5 6 7 
Butanoic acid, 1-methylpropyl ester?         x     
Butanoic acid, 2-methyl-, ethyl ester   x 
Butanoic acid, 3-methyl-, ethyl ester   x   
Butanoic acid, butyl ester x x x   
Hexadecanoic acid, tetradecylester x       
Hexanoic acid, 2-methylpropyl ester   x   
Hexanoic acid, butyl ester   x   
Hexanoic acid, propyl ester?   x   
Pentanoic acid, 1,1-dimethylethyl ester?   x   
Pentanoic acid, 4-methyl x x x   
Pentanoic acid, ethyl ester   x x x 
1-Hexanol x   
1-Octen-3-ol x x   
1-Pentanol, 4-methyl   x 
3-Octanol   x x 
Phenylethyl Alcohol   x   
3-Octanone   x x 
1-Pentadecene   x x   
Pentadecane   x   
trans,trans-2,9-Undecadiene   x   
Indole   x x x   
Dimethyl trisulfide   x   
Tetrasulfide, dimethyl           x   
 
Muscle   
A total of 75 compounds were identified over six weeks of extracting 
VOC’s from muscle samples.  When compared to the other tissue types, muscle 
samples were characterized by a larger contribution of hydrocarbons.  
Hydrocarbons were replaced by sulfur-containing and aromatic, compounds like 
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indole, as the most abundant compounds by time 3 (week 2) (Figure 17).  With 
the exception of time 1, both fresh and frozen muscle samples were largely 
consistent, exhibiting a decrease in hydrocarbons and an increase in sulfur-
containing compounds (Figure 18). 
 
Figure 17. Changes in the headspace composition of fresh muscle using the combined 
integrated peak areas of each compound class over the 6 week study period. 
 
 
Figure 18. Changes in the integrated peak areas of compound classes in frozen muscle 
across 6 weeks of sampling. 
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 A total of 13 compounds contributed to the list of most abundant 
compounds for muscle tissue. The most common of those were indole, dimethyl 
trisulfide and dimethyl tetrasulfide (Table 10).   
Table 10. The 5 most abundant compounds detected at each time point from fresh muscle. 
 
Muscle  
1 2 3 4 5 6 7 
1-Hexadecanol     x     
1-Octen-3-ol x x x   
2,3-Butanediol   x   
Phenylethyl Alcohol   x   
Heptacosane x   
Octane   x x x 
Pentadecane   x x   
Furan, 2-pentyl  x x 
Indole    x x x x x 
Dimethyl trisulfide   x x x x x 
Dimethyl, tetrasulfide       x x x x 
Disulfide, methyl (methylthio)methyl   x   
Ethane, 1,1-bis(methylthio)-   x x x 
 
Skin  
A total of 57 compounds were identified over six weeks of extracting 
VOC’s from skin samples.  While no compounds were detected at time 1, sulfur-
containing compounds contributed the most to the TIPA.  Hydrocarbons were 
also present throughout the sampling process.  When examining the relative 
contribution of each compound class over time, there were no overall trends 
present in the data (Figure 21).  With the exception of time 6, sulfur-containing 
compounds contributed the most to TIPA at every time point.  When the 
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contribution of sulfur-containing compounds decreased, the contribution of 
acids/esters and hydrocarbons increased.  In frozen samples the composition of 
the TIPA was very different from fresh skin.  Nothing was detected in time 1 and 
the contribution of acids/ester and sulfur-containing compounds changed 
drastically.  Fresh skin samples were not found to change considerably over the 
course of 6 weeks, and the frozen samples were far less consistent (Figure 22). 
 
Figure 21. Changes in the headspace composition of fresh skin using the combined 
integrated peak areas of each compound class over the 6 week study period 
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Figure 22. Changes in the integrated peak areas of compound classes in frozen skin 
across 6 weeks of sampling 
 
 
Chromatograms produced by skin differ from those produced by muscle 
and blood because all of the peaks are visible without further enhancement of the 
baseline.  This is also true of bone and fat but the contribution of acids/esters is 
not enough to produce large degrees of peak fronting and tailing in skin samples. 
Furthermore, which peaks are most abundant is more consistent from week to 
week than in the bone samples (Figure 23).  Overall, there was very little change 
in skin samples over 6 weeks of sampling (Figure 24). 
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 Figure 23. Chromatogram representing a typical fresh skin profile at time 3, week 2.
 
Figure 24. Chromatographic overlay of fresh skin from times 3 and 7 (weeks 2 and 6, 
respectively). 
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A total of 11 compounds contributed to the most abundant compounds list for 
skin.  The most common were octane, indole and dimethyl trisulfide (Table 11). 
 
Table 11. The 5 most abundant compounds detected at each time point from fresh skin. 
 
Skin 
1 2 3 4 5 6 7 
Butanoic acid, butyl ester      X  
Butanoic acid, 3-methyl-, ethyl ester   X     X   
Hexanoic acid, ethyl ester   X   
Pentanoic acid, 4-methyl-, ethyl ester   X X   
1-Hexanol   X X X  
Phenol    X 
Octane   X X X X X X 
Indole   X X X X X 
Dimethyl trisulfide 
  X X X X X X 
Heptane, 1-(methylthio) 
      X 
Dimethyl tetrasulfide       X X   
 
3. PART III RESULTS 
 Soil  
 Soil properties provided by the Web Soil Survey for the Holliston property 
served as a point of reference and comparison to the data obtained for this study.  
All soil samples were slightly acidic, with samples taken near the marsh showing 
the most acidic conditions.  Values reported by the Web Soil Survey are all in the 
range of 5.1-5.4 which is consistent with the range reported in this study.  The 
soil textures range from clay loam, which according to the USDA means the soil 
consists of 20-45% sand which is consistent with the percentages of sand 
determined in this study.  Sandy loam and sandy clay loam were determined for 
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the other two soil locations.  Sandy clay loam consists of 45-80% sand, which is 
consistent with the reported values in Table 12.  Sandy loam contains between 
50 to 85% sand which is also consistent with the reported sand percentage for 
the lower horizon of the wooded samples45. Overall, the moisture content 
between the marsh and woodland samples is consistent while the soil from the 
pond area had much higher moisture content.  The organic content of the pond 
soil was much higher than the other soil types, the lower horizon in the woodland 
soil samples had the lowest organic content while the upper horizon of the 
woodland sample and the bayou samples were similar in organic content 
(Table 12). 21 
Table 12. Results from the four soil variables examined in this study. 
 
Soil Type pH 
Soil 
Texture 
% 
Sand %Moisture %Organic 
Pond Soil 5.5 Clay Loam 45 63 41.2 
Marsh 5 
Sandy Clay 
Loam  78.7 39.02 9.59 
Woodland Soil-Upper 
Horizon 5.5 
Sandy Clay 
Loam 63 37.2 8.74 
Woodland Soil-Lower 
Horizon  5.5 Sandy Loam 84 39.1 4.95 
 
 Of the chromatograms produced only the pond soil yielded any peaks 
under the tissue-optimized extraction procedure.  Several terpenes in addition to 
an acid/ester were detected from the pond sample and are reported in (Table 
13). 
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Table 13. List of all compounds detected in the pond soil sample. 
 
Soil 
type Compound Class 
Pond 
alpha-Pinene Terpene 
Camphene Terpene 
beta-Pinene Terpene 
Propanoic acid, 2-methyl-, 1-(1,1-
dimethylethyl)-2-methyl-1,3-
propanediyl ester Acid/Ester 
 
TISSUE AND SOIL  
Over the course of six weeks, seven time points were collected that 
compared the differences observed in decomposition profiles when tissue 
samples were mixed with soil samples from different soil horizons.  The isolated 
tissue and soil samples extracted and analyzed in this part of the study served as 
comparisons for the combined soil and tissue samples.  It should be noted that 
no peaks were detected from any of the soil control samples. 
  The bone samples served as a baseline and tissue control to compare to 
the combined bone and soil samples.  All integrated peaks were assigned to one 
of the previously mentioned nine categories and are represented in (Figure 25).  
The primary trend is the increase in the percentage of acids and esters with an 
overall decrease in alcohols, hydrocarbons and aldehydes.  The proportion of 
aromatic compounds and acids/esters appears to be inversely proportional.   
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Figure 25. Changes in integrated peak areas of the compound classes from part III bone 
samples across 6 weeks of sampling. 
 
Different trends in compound classes are observed in the combined WT 
and bone samples (Figure 26).  No compounds were integrated in the time 1 
sample.  Instead of increasing over time the acids/esters decreased over time 
and the sulfur-containing compounds are visually absent.  Instead of decreasing 
the aldehydes/ketones and hydrocarbons increased.  The only class that shows 
the same general trend is the alcohol group which decreased over time.  Overall 
the contribution of non-polar compounds (hydrocarbons, aromatics and sulfur-
containing compounds) decreased between the bone samples and the combined 
bone and topsoil samples.  Time point 7 produced unexpected results and only 
terpenes were identified. The sample was examined, and it was confirmed that 
there was bone in the sample vial.  The same vial was re-extracted with a new 
fiber and the same profile was obtained.   
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
Time 1 Time 2 Time 3 Time 4 Time 5 Time 6 Time 7
Bone Part III
Acid/Ester
Alcohol
Aldehyde/Ketone
Aromatic
Halogen
Hydrocarbon
Sulfur-containing
undetermined
57 
 
 
Figure 26. Changes in integrated peak areas of the compound classes from WT and 
bone samples across 6 weeks of sampling. 
 
When examining the composition of the headspace when bone was added 
to the WB soil (Figure 27), it was more difficult to visualize any trends.  
Compounds were produced, detected and identified in time 1 samples and, in 
both figures 25 and 27, are predominantly hydrocarbons. With the exception of 
the final time point which, is comprised almost entirely of acid/esters, that same 
class of compounds contributes far less to the total integrated peak area than in 
the other two sample types. The contribution of polar (acids/esters, alcohols and 
aldehydes/ketones) and nonpolar (hydrocarbons, aromatics and sulfur-containing 
compounds) to the TIPA is inconsistent across time points and does not illustrate 
an increase or decrease when compared to isolated bone samples.  
 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
Time 1 Time 2 Time 3 Time 4 Time 5 Time 6 Time 7
Topsoil and Bone 
Acid/Ester
Alcohol
Aldehyde/Ketone
Aromatic
Hydrocarbon
Sulfur-containing
Terpene
Undtermined
58 
 
 
Figure 27. Changes in integrated peak areas of the compound classes from WB and 
bone samples across 6 weeks of sampling. 
  
Blood  
Blood was chosen for this study due to its consistency across sampling 
periods in parts I and II of this study.  As evidenced from Figure 28 the blood 
profile remains largely consistent throughout the 6-week sampling period in terms 
of dominant compound classes.  Alcohols, aromatics and sulfur-containing 
compounds comprise nearly 100% of the TIPA.  A moderate increase in sulfur-
containing compounds over time, accompanied by a decrease in alcohols, is also 
apparent.  
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Figure 28. Changes in integrated peak areas of the compound classes from blood 
samples across 6 weeks of sampling. 
 
Figure 29 illustrates the effects of soil addition to the headspace of 
combined samples.  The overall compound class proportions remain generally 
consistent from week to week, but the contribution of sulfur-containing 
compounds to TIPA is lower in the combined topsoil and blood samples than in 
the isolated blood samples.  Sulfur compounds do not appear in the WT samples 
until week 3 and represented a smaller percentage of the headspace than they 
do in the tissue-only samples.  Aromatic compounds also contributed less to the 
TIPA in WT samples.  While the contribution of sulfur-containing and aromatic 
compounds decreased, the contribution of alcohols to the TIPA increased at 
every time point after time one.  The changes in contribution of these compound 
classes demonstrate a decrease in nonpolar compounds (Sulfur-containing and 
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aromatic compounds) and an increase in polar compounds (alcohols) when 
compared to the isolated blood samples. 
 
Figure 29. Changes in integrated peak areas of the compound classes from WT and 
Blood samples across 6 weeks of sampling. 
 
When blood was mixed into the lower horizon of the same soil core, it 
produced a similar effect as what was demonstrated by the topsoil (Figure 30).  
Alcohol contributed more to the TIPA while sulfur-containing compounds 
contributed less.  The difference between the lower and upper horizons is that 
sulfur-containing compounds are detected earlier in the lower horizon and that 
instead of hydrocarbons in time 1, terpenes contributed the most to the TIPA.  
Due to similarities between combined samples from the upper and lower 
horizons, there are also fewer nonpolar compounds contributing to the TIPA than 
in the isolated blood samples. 
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Figure 30. Changes in integrated peak areas of the compound classes from WB and 
Blood samples across 6 weeks of sampling. 
 
Muscle   
The isolated muscle samples exhibited a decrease in acids/esters and 
hydrocarbons over the 6-week sampling period and an increase in sulfur-
containing compounds (Figure 31). While the overall percentage of acids/esters 
in Figure 32 & Figure 33 is lower than in isolated muscle samples, all three of the 
muscle sample types exhibit a gradual decrease over the sampling period.  
Additionally, the pattern of acid/ester release in the WT and muscle samples is 
similar to the muscle-only data but lags behind by one week.  Alcohols and to a 
lesser extent aromatics and aldehydes/ketones represent a larger portion of the 
total integrated peak area in the soil/tissue samples than in the muscle-only 
samples.  The data for all three sample types also supports a decrease in the 
contribution of nonpolar compounds to the TIPA when soil is added.      
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Figure 31. Changes in integrated peak areas of the compound classes from muscle part 
III samples across 6 weeks of sampling. 
 
 
 
Figure 32. Changes in integrated peak areas of the compound classes from WT and 
muscle samples across 6 weeks of sampling. 
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Figure 33. Changes in integrated peak areas of the compound classes from WB and 
muscle samples across 6 weeks of sampling. 
 
The lower horizon and muscle sample (Figure 33) show the same trend in 
acid/ester reduction towards the end of the sampling period and a larger 
percentage of alcohols and aromatic compounds than the muscle-only samples.  
The two soil samples do not, however, demonstrate an increase in sulfur-
containing compounds and they show a much lower percentage of hydrocarbon 
compounds.   
Overall Trends in Soil and Tissue Samples   
The representation of alcohols and aldehydes/ketones in the TIPA is 
larger in all of the soil samples when compared to the tissue-only samples.  In 
the samples that contain hydrocarbons (bone and muscle), the hydrocarbons are 
usually diminished in the soil samples.  Overall there is a reduction in the ratio of 
acid/esters and sulfur-containing compounds to other classes.  When all three 
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sample types were compared across tissue categories there was no trend in the 
order of detection.  There were several inverse trends observed throughout the 
sampling process.  While acids/esters all decreased over time across all muscle 
sample types, they increased over time in bone tissue  samples, decreased in 
WT and bone samples and were barely present in the WB and bone samples. 
   
V DISCUSSION 
 
1. Parts I and II 
 
 The profiles obtained from each tissue type were consistent with each 
tissue’s macromolecular structure.  Tissue samples with fat as a major 
component such as the subcutaneous fat, bone and skin samples contained 
larger percentages of acids/esters than those where lipids are not a primary 
component of the tissue.  Sulfur and aromatic compounds contributed largely to 
muscle sample decomposition, which is primarily composed of proteins.  The 
anaerobic decomposition of amino acids is responsible for the production of 
sulfides, thiols and indoles, which were abundant compounds in this study.  
Since it is difficult to separate the protein-rich skin from the underlying 
subcutaneous fat, the skin data exhibited quantities of both.  Since an effort was 
made to remove the subcutaneous tissue, however, sulfur-containing compounds 
appropriately contribute more to the TIPA.  Bone, is a more complex sample, and 
is made of proteins, minerals and a ground substance of mucopolysaccharides 
(which breaks down into alcohol in anaerobic conditions) and glycoproteins.30  
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While these samples were relatively free of any overlying or connective tissue 
due to the actions of the bone saw, they did include bone marrow which contains 
a significant amount of fat.  The bone data contained all of the breakdown 
products from the component materials. Blood was the simplest sample-type 
utilized in this study, and the sources of the blood profile were glucose that broke 
down into alcohols and blood proteins which decomposed into sulfur and 
aromatic compounds.14,20,30  While the intestinal material was inconsistent from 
week to week this was not unexpected.  Each sample contained a portion of the 
intestinal wall, which is composed mainly of smooth muscle, in addition to the 
digestive material from the pig’s last meal.  This was a grain-based diet and the 
ratio of digested material to intestinal wall was difficult to control for.  
 While all of the information on anaerobic decomposition processes and 
tissue composition is available in the literature, it is important to establish that 
SPME not only successfully extracts a wide range of compounds, but that the 
relative amounts of these compounds are consistent with predictions based on 
tissue composition.  There was nothing observed that could not be explained 
given the tissue-type or preparation process. This is encouraging for the use of 
SPME and the fiber selected here (65 µm PDMS/DVB) in future decomposition 
studies. 
 The effects of freezing on decomposition were more complicated than 
anticipated.  Some tissue types were more affected than others by the freezing 
and thawing process employed here.  Blood, fat and muscle samples seemed to 
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be the least affected by the process, which could be because these were the 
purest tissue types.  The Intestinal samples will not be used to hypothesize 
further about freezing effects due to their overall inconsistency.  Bone and skin 
both exhibited significant changes in their volatile components.  Both exhibited 
loss of data from time 1 samples and a substantial increase in acid/ester content.  
This was an interesting trend.  Even though fat samples were substantially the 
same in compound composition, the contribution of acids/ester towards the TIPA 
did increase. The presence of acids/esters also increased marginally in muscle 
samples in later time samples.   
Although  there is very little published information on the freezing of meat 
with regards to volatiles, it is well-accepted that freezing and thawing affects the 
tenderness and flavor of meat.60,61  Since meat is primarily composed of protein, 
it is possible that any tissue-damage caused by the freezing and thawing process 
affects proteins more than other macromolecules found in muscle (e.g. lipids). 
This would explain the decrease in sulfur-containing compounds and general 
increase in acids/esters.  While no literature could be found regarding the impact 
that the freeze and thaw cycle has on VOC emission of meat products, the 
formation of small ice crystals during freezing has been shown to denature 
certain proteins.62 The same process that causes damage to meat products (cell 
crystallization) is responsible for the death of bacteria upon freezing.63  While the 
initial freezing process kills some bacteria through the destruction of their cell 
membrane, this effect occurs more in liquids that undergo uniform freezing than 
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solid foods or colloidal mixtures like milk.63,64  A study done on meat pies 
determined that after 481 days of freezing, neither class of bacteria investigated 
(coliform or enterococci) was entirely eliminated and some species were still 
present in high quantities.64  While no evidence could be found that the freezing 
process kills all bacteria, the reduction of bacteria probably delays the onset of 
decomposition after thawing. This would explain the lack of compounds detected 
in the time 1 samples for several tissue samples.    
2. Part III 
  
 The larger contribution of alcohol compounds to the TIPA was not 
anticipated in the soil studies.  Upon further investigation it was determined that 
since carbohydrates are a preferred substrate material for bacteria found in the 
tissue and the stomach, the additional bacteria in the soil could have caused 
greater alcohol production in the studied time period.  Clostridiaceae, for 
example, are a group of obligate anaerobic bacteria that are found both in the 
intestines and in the soil.  It is possible that the increase in alcohols is a product 
of these bacteria decomposing sugars into alcohols.  The soil itself may also be a 
source of alcohols since soils have been found to have natural carbohydrates, 
including polysaccharides in the lower levels.14,20,30  The absence of alcohols 
from the soil control samples may be the result of the moisture content of the soil 
samples.  To test this, 3 mL of water was added to the soil samples.  After 1 
week volatile organic compounds were detected from both the topsoil and lower 
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horizon samples. The addition of tissue samples, which are approximately 64% 
water, may allow release or displacement of alcohol compounds into the 
headspace.30 
 Another trend observed across sample types is the decrease in 
hydrocarbons in some samples and the overall decrease of nonpolar and 
semipolar compounds in soil-containing compounds.   This is visible in the 
muscle samples and the topsoil of the bone sample. The high percentage of 
sand in the soil used in this study may have been the reason for the decrease in 
hydrocarbons in some samples. The composition of most sand particles is silica, 
which is a common, non-polar, sorbent material.43  Non-polar compounds such 
as hydrocarbons may interact with the silica particles instead of moving into the 
headspace, especially at room temperature.  The one sample where this trend 
was not consistent was the bone mixed with the lower horizon.  With a higher 
sand content, this result was unexpected. Other studies that examine soils as 
sorbents suggest that the most influential factors regarding compound adsorption 
are moisture content, particle size, percent organic matter, and to a lesser extent 
pH.65  While the effects of these factors are not independent of one another, the 
overall trend supports that, in moist/wet soil, the organic content of the soil is a 
highly influential factor in the sorption or release of volatile compounds.65  
Generally, an increase in organic matter (the principle component of soil organics 
being humic acid) will increase the amount of nonpolar compounds adsorbed in 
the soil and decrease the amount that are released into the headspace.  It is 
69 
 
thought that the hydrophobic interactions that occur between the nonpolar 
compounds and the organic matter in the soil is energetically preferable to 
compound and water or compound and compound interactions.65  However, 
these factors do not take into account microbial factors that may contribute the 
release of volatiles.  
 The cause of other trends observed, such as the increase and decrease of 
acids/esters between tissue and soil samples remains unclear.  In the bone 
sample, the amount of acids/esters increased over time.  When added to the 
topsoil the opposite trend was observed and when added to the lower horizon, 
acid/esters were barely present until the final time point.  This was not observed 
in the muscle samples where acids/esters decreased in both the tissue-only 
sample and the soil samples.  It should be noted, however, that the muscle and 
blood samples for part three of the study underwent a second freeze/thaw cycle 
that the bone samples did go through.  This could be responsible, in part, for the 
differences observed in acid/ester contribution.   
 While it can be stated that the addition of soil changes the profile of the 
tissues used in this study, the mechanisms are still unclear.  The pH and 
moisture content were very similar between the two soil samples used in this 
study.  Since they came from the same soil cores, any differences in microbial 
content were due to changes in depth and not regional or ecosystem-specific.  
The differences in the two soil samples were their organic content (top: 8.74%, 
bottom: 4.95%) and their sand content (top: 63%, bottom: 84%).  Based on the 
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trends observed, these differences could not account for all of the variability 
observed.   
3. Comparisons to a Previous Study 
Consistency of results and inability to compare data across studies has been 
a source of difficulty in human decomposition research.  An attempt to compare 
human and non-human samples was performed in 2012. Cablk et al. analyzed 
the volatiles present in cow, pig and chicken samples in order to compare them 
to those from human tissues detected in Hoffman et al., 2009.  Identical SPME 
fibers, extraction times, and GC columns were used however, neither study 
reported how much sample they placed into each vial and each used different 
sized vials.  Without a validation of the Hoffman method on a human tissue 
sample under slightly altered parameters, any comparisons made between these 
two studies are questionable.16,21   
The current study imposed a longer extraction time (40 vs. 20 minutes) 
and smaller extraction vials (8 mL vs 20 mL) than the 2012 study16, but utilized 
the same type of SPME fiber (65 µm PDMS/DVB).  Based on comparisons made 
in the method development part of this study, it was determined that extraction 
times of different lengths typically yield similar results but with greater or fewer 
compounds present.  In an effort to demonstrate some of the difficulties research 
scientists are facing when trying to build off of previous studies, some of the data 
collected between the current and 2012 studies were compared.  Bone, muscle, 
skin and fat were investigated in both studies.  Cablk et al. used the number of 
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compounds in each class instead of total integrated peak area in order to 
describe the volatiles contributing to each tissue type. To account for this, data 
from the current study was adjusted so direct comparisons could be made. 
Select comparisons between these two studies were made using the data from 
the first time point in the current study since the 2012 article left decomposed 
samples exposed to the open air.  Cablk et  al. found four compounds in all bone 
samples tested: nonanal, toluene, p-xylene and hexane.  None of these 
compounds were identified in bone samples from the current study, however due 
to the nonpolar nature of the column used here and the length of the solvent 
delay, it is possible they eluted too soon for detection.  Compounds found in all 
time 1 data from the current study, were 1-octen-3-ol and phenol.  This is 
consistent with the preferential use of carbohydrates as a substrate material for 
bacteria.14,20,30  In the comparison study, phenol was not detected in any samples 
and 1-octen-3-ol was detected in chicken bone samples. 
Cablk et al. also found that the pig bone samples were comprised of 
roughly 50% aldehydes, 30% aromatics, and 20% hydrocarbons.  Upon 
comparing their data to the fresh bone sample data collected in the current study 
the results were very different (Figure 34).  Similarly they reported mostly 
aldehydes from the pig fat, and aldehydes and aromatics from muscle tissue.  
The current study shows that time 1 fat was primarily comprised of hydrocarbons 
with no aldehydes and that time 1 muscle is primarily comprised of hydrocarbons 
and alcohols (Figure 35). It was expected that more overlap would exist across 
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the fat and muscle samples between the two studies, but it is clear that there is a 
large difference between the characterizations of tissue types between studies.    
 
Figure 34. A comparison between the volatiles detected in the first 24 hours of the current study 
and the 2012 article published by Cablk et al.16 
 
 
Figure 35. Time 1 compounds for fat and muscle from the current study and Cablk et al. 
 
 
VI FUTURE DIRECTIONS 
It has been suggested that concentrations of abundant peaks and ratios 
between abundant peaks can be used for PMI determination and canine scent 
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training. 8–10,13,21  Figure 1 demonstrates strong agreement between two different 
muscle samples that were prepared under identical circumstances and allowed 
to decompose for 12 weeks.  While there was nearly 100% peak agreement in 
the presence and absence of compounds, the chromatograms displayed different 
peak ratios.  The comparison of peak ratios is straightforward since both 
chromatograms had the same y-axis maximum value.   
This observation calls into question quantitative studies performed in the 
past.  In order to create synthetic training aides that are representative of a 
specific stage of death, or to accurately define the PMI using VOCs, more 
samples have to be analyzed.  The studies that did sample in triplicate16,21 only 
sampled from each tissue type at one or two time intervals, usually within one 
week of death.  Other studies only sampled from a few bodies that were left 
exposed to the elements and sampled at large time intervals (over a year).8,9  
The search for human remains may take place only days after disappearance or 
upon the retrieval of new information years later.  Since past studies have 
focused on decomposition within short (several days) and long (over a year) time 
intervals, further quantitative studies should be attempted in triplicate, over an 
intermediate time frame.  Samples should be taken over the course of the first 
year of decomposition at weekly or biweekly time intervals. 
  HRD canines are required to be evaluated on a range of tissue types and 
tissue combinations that represent a variety of decompositional stages.22 The 
SWG recommendations for HRD canine training list the appropriate storage of 
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training aids as an area that needs further attention.66  The implication that 
freezing may affect the volatile profiles released from different tissue types is, 
therefore, an important observation.   The implications that freezing may affect 
the volatile profiles released from different tissue types are concerning.   For 
more complex tissue types, however, the composition of volatiles produced is 
clearly altered during the freeze/thaw cycle.  In order to investigate the trend 
tentatively identified in this study, an investigation into the length of how the total 
freezing time or amount of times frozen and thawed  affect the volatiles released 
from muscle and fat tissue using a larger sample-size should be performed. 
 The addition of soils to tissue samples is an area that requires more 
research.    Due to the high variability of microbial composition throughout soil 
layers, utilizing a larger amount of soil may allow the effects of different microbial 
communities on the tissue samples to average out.  Even samples that appeared 
homogenous may have produced different results under the current extraction 
parameters.  A similarly designed study with larger soil samples may yield more 
easily interpretable results.  
 
VII CONCLUSIONS 
 
 The process of freezing and thawing has the potential to compromise 
certain tissue types.  The more complex the sample, the larger the disparity is 
between them and freshly decomposed tissue.  This supports the need for the 
development of alternative canine training aids.  Soil addition is a more 
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complicated issue than previously suspected.  Changes in emitted compounds 
from buried remains have been attributed to anaerobic processes and/or the 
ability of compounds to permeate through the soil to the surface.  The current 
study subjected all of the investigated tissue samples to anaerobic conditions 
and the same burial depth. Despite controlling for both of these conditions, the 
results between tissue-only samples and tissue-soil samples were significant. 
While the results of the current study yielded interesting and encouraging 
results, the need for continued research is apparent.  The amount of data 
obtained from such complex samples will require a truly multidisciplinary 
approach in order to apply it in the field.  Perhaps most importantly the 
development of a standardized approach to analyzing volatiles needs to be 
established.  There has yet to be a study that utilizes multiple, validated 
approaches to characterize the same samples.  With the many differences 
between studies performed by separate research teams there is no reliable way 
to compare the tremendous amounts of data that has been collected over the 
years.  Furthermore there has yet to be a study that compares the volatiles 
emitted from humans and animals that is not based on literature review.  A direct 
comparison within the same study is necessary.   
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APPENDIX A 
Chromatograms generated for fiber selection and extraction time. 
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Appendix B 
Flowchart used to assign soil texture.58 
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Appendix C 
A selection of additional chromatograms produced when investigating 
reproducibility between tissue samples.  Two samples were analyzed at each 
time point and are shown overlaid in red and black. 
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